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---This document cosiueL ny wo ir Force Contract

F44620-75-C-0022, Fundamental Experiments at Liquid Helium Temperature,

October 1, 1974 to September 31, 1979. Our purpose in this report is to

summarize the research undertaken during this period, identifying the

research topics and the principal results obtained. A detailed summary

of our research is provided in the attached appendices.
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The spread in energy of the bunch is a few eV and the cathode is biased to

maximize the number of electrons entering the trap with pz t 0. The injection

gate is closed just before the end of the cathode pulse.

The walls of the thermalizer section are made of a resistive material

to which the trapped electrons can transfer their kinetic energy through

induced eddy currents. Thermalization of the cyclotron levels is enhanced

by including a TE mode microwave cavity tuned to the cyclotron resonance

within the trap. The electrons in the magnetic field in the cavity form a

coupled oscillator system in which energy transfer from the electrons to the

cavity walls is enhanced in proportion to the Q of the cavity. The thermali-

zation time to 4 K for the z-momentum is calculated to be about 80 msec.

Following thermalization of p z, the trapping potentials are changed to

restrict the electrons to the center section of the trap to decouple them

from the thermalizer. The transfer gate is then lowered to permit all but

the ground state electrons to escape. At the end of the cycle the remaining

ground state electrons are run through an electro-static energy analyzer to

measure the spectrum.

Slow Positron Source: To adapt the thermalizer for use as a positron source

the field emission cathode will be replaced by a positron emitter. The posi-

tron energy can be reduced to a few eV through inelastic scattering within a

• solid absorber 3,4 and the moderated positrons can be trapped and thermali:ed
I, S

to 4 K as described above. Adiabatic expansion can be used to reduce the

* thermalized positron energy from -10 4 eV at 4 K to below 10- 7 eV for use in

the gravitatiolil cxperiments.

Stabilization: The principal experimental comuplication with this setup is the

diffusion of Lhe trapped clectrons across the ma-iwtic field lines du to
1f

stray trLI;w,:' ,. c;.Qctric f A.,ds I : ,,r\ iz::~ '., t , ;,uaa~otic fiel.l



The drift due to a uniform transverse electric field of B-field gradient can

be suppressed by rotating the electron distribution about the axis at a rate

rapid in comparison to the time required to drift across the trap. In the

present apparatus this is accomplished during passage of the trapped electrons

between the cavity and the rotator section (see Figure 2). A similar technique

has been used by Dehmelt. 6 However, if the average (E x B/B
2) or (VIBI x B)/B 2

drift has a transverse gradient, the rotation of the distribution can result

in either exponential radial expansion or contraction of the distribution,

depending on the direction of the gradient. To suppress this effect, a compen-

sating element has been added to the apparatus to permit the introduction -f

a transverse electric field with a controlled gradient. This element is used

to cancel the average transverse gradient to which the electrons are exposed

during their passage through the rest of the trap.

Experimental Performance of the Prototype

One of the most serious problems has been in the selection of a suitable

material for the therr.alizer section of the apparatus. A carbon-glass material

was used, but problems were encountered with the surface potential variations,

and in obtaining a mixture which would have a suitable resistivity. Trapping

lifetimes in excess of 700 msec for 100 meV electrons and 150 msec for electrons

with energies below 100 meV have been achieved when the carbon-glass thermal-

izer was removed from the system. The 700 msec trapping time appears to be

more than needed for the thermalization process. We suspect that the more

rapid decay of the low energy portion of the distribution can be improved by

increasing the rotation rate of the bea~m about the axis of the apparatus

to more effectively average over stray fields.

However, t vpical decay rates in the experi:-eits using the eddy-curre:t

Svste::i were ol. t he ordtr of 29 to 4 : . , j ibe to incc. A e
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presumably cancels the electric field due to variations in the electrostatic

potential over the surface of the thermalizer. Attempts to smooth out the

potential variations by coating the surface with a thin layer of graphite

were unsuccessful.

We are now experimenting with making the thermalizer out of silicon.

The resistance of silicon, even doped silicon, is high at 40K but it can be

lowered through photogeneration of electrical carriers. We have shown that

a resistance of 50 Scm at 40 K can be obtained with 20-100 mil of 1 pm light.

Pure grade single crystal silicon is available and should have small surface

potential variations.

One difficulty which has to be overcome is that of maintaining electrical

contact with the material at low temperatures. Evaporation methods failed to

yield ohmic contacts, making measurements of the bulk resistance impossible.

By using an ion implantation process, followed by laser annealing, we were able

to get surface _rrier concentrations of 5 x 10 5/cm 2 . The ion-implanted

terminals remain ohmic to below 40 K.
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APPENDIX A.2: Status of Electron/Positron Thermalizer:

A source of low energy positrons would be useful to clarify the nature

of the anomalous surface shielding effects observed in the copper drift

tubes of earlier experiments. Positron sources have been constructed which

give an energy distribution with a width of -1 ev. What is needed is a

method of further lowering the energy of a few of the positrons to -10 7 eV.

The prototype source which we have been investigating is designed to confine

an electron distribution with -1 eV width and thermalize it to -10"4 eV

(-4 0 K). Adiabatic expansion will then be used to reduce the width to -l0-6eV.

The following section contains a description of the device built and its

performance to date.

Description of Operation: The energy of a non-relativistic free electron

= 2
E p 2/2m + (2n + 1 + g m )BWon,s z e s 0

where B is the magnetic field, m is the electron mass, po is the Bohr magneton,

n is the cyclotron number, ge (g-factor) is -2.0023, ms is the spin quantum

number (1 1/2), and pz is the z-momentum. The fact that only the magnetic

ground state (n = 0, m = -1/2) has a negative magnetic energy permits the

device to distinguish electrons in the ground state from those in higher

Ait magnetic states.

' A schematic of the device is shown in Figure 1. To a first approxima-

tion the axial magnetic field constrains the electrons to wove along the axis.

Trapping is accomplished by applying appropriate electric potentials to the

*cylindrical electrodes. During the first step the injection gate is lowered
t

f to allow entry or a low current electron bean from a field-emission cathode.
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Our research during the past five years has been concentrated in six

basic areas: 1) the analysis of the forces acting on ultra-low energy

electrons in the electron-positron free-fall experiment and the determination

of the properties of the surface state on copper at low temperatures, 2) the

determination of the properties of polarized ie3 at low temperatures, 3) the

development of ultra-sensitive low temperature techniques to measure the

susceptibility of water and room-temperature organic molecules, 4) the

:nalysis and development of an ultra-sensitive accelerometer for use in the

detection of gravitational radiation, 5) studies of local and non-local

effects in superconducting thin films, and 6) the use of superconducting

SQUID magnetometers to measure the electrical activity of the heart.

Forces on Low Energy 'lcctrons, and the Surface State of Copper:

For several years, experiments have been conducted with Air Force

support to measure the force of gravity on single electrons and positrons

using cryogenic techniques (Appendices Al-Ab . In the course of this

work it was found that the ambient electric field along the axis of copper

shielding tubes used in the electron ti:.of-flight measurements was several

orders of magnitude smaller than expected. Two contributions to the tube's

.4ambient axial electric field are expected: a spatially fluctuating potential

d of rms amplitude 10- V caused by the patch effect (contact potential differ-

ences bet',eoen ad iacen cr,.stan11line me a I aii a cols ant eloctric field of1
about 10-0 V/m due to grav i tat ionl.ll y- ildilced differeitial compression of

tilt.' tube's io01ic Iatt c,. he, A.\ is of t!" !'e'*. K 'b.n to 1e Th I .. '-:-.

; these field.; 1 it Ii;t j t ;,Ctor of 10" .'.wiiCd1 iN \1). Further e r 2k' t .

at roo:tI t li'rgtt j' fl ,') l - , ' cperi tare et the ca -I; c"
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(Appendix A2).

In an effort to understand these results, a set of experiments was

performed in which the ambient axial electric field in the tube was measured

at temperatures ranging from 4.2 K to 77 K. These measurements resulted

in the discovery of the sudden transition in the shielding effect at 4.5 K

(Appendices A4, A5 and A6).

While the experimental work on this problem is continuing, we have also

sought to review the possible theoretical explanations for the phenomenon.

Our objective was to detcrmine what could be said theor..tically about the

shielding on the basis of what is known about the surface of the drift tubes

used in the experiment. While very little is in fact known about the sn";'e,

it is possible to reach a number of fundamental conclusions on the basis of

an order of magnitude estimate of the surface electron density, the su2''c

layer thickness, and the statistics of the surface electrons.

We have, in particular, explored the possibility that the shielding

results from a two-dimensional electron layer just outside the copper oxide

11 1whose electrons (of density 10 to 10 per square centimeter) are supplied

from the copper via tunnelling through the copper oxide. In this theory the

transition to a nearly perfect shielding state is the result of a Bose-Einstein

condensation of electron hole pairs (Appendices A7 and AS).

We found that the electric field at the surface could be equated to the

, sum of lll'e plus *,/'z . The quanttitv nag / . is the oriinal Schiff-Barnhiill

field and is the field seen in the 4 K free -fall cxperiment. The quantity

z is the gradi'Ient o" the dh> i c la ,?t ential of the surface electrons

and depends on the number dns :t v aId st.1Istics. If Fermi statistics :1.0

i, ti::Ie- al, I K. a re.sult inco..



superconducting shields. A crude prototype of a cryogenic He3 gyroscope

3was built and tested inside suc- a shield. The He was polarized by

optical pumping mixed with He4 and condensed into a 4 k Pyrex bulb using

the superconducting shield. The resulting processing magnetization was

observed with a signal-to-noise ratio in excess of 103 by use of a SQUID

magnetometer. Although this prototype was too flawed (in large part due

to magnetic contaminants) to function as a gyro, it was found that 0.07% H-

4liquid lie mixture had a relaxation time of 40 hours in a 1 cm diameter

Pyrex cell when the effect of magnetic-gradient-induced relaxation was

deducted. This result was dominated by wall-induced relaxation since the

subsequent use of a solid H2 wall coating increased this relaxation time to

more than five days (1.10 hours). This last result is encouragingly close to

the theoretically estimated maximum relaxation time under these conditions

of 170 hours due to lie3 
- lie dipolar interactions.

In addition to these experimental measurements, a general analysis of

the characteristics of a He3 NG based on current low-temperature technology

was made for the purpose of evaluating its potential for use in a future

nuclear electric dipole t,:nent experiment. This analysis considered two

possible modes of operation of the lie' NG and the results of one of these

* analyses are presented in Section II. The deatils of both the theoretical

analyses and thQ, relaxation time me;isuremcnts can he found in the Ph.D.

thesis of M. A. Taber. A summary of the expcrimcmnal results was aiso

* .d presented at the lth Intc rn,itional Con fr',,& -, " n Low Tempcrature I' ',ysI

and p ] i i1ed in the I' ccdin is ' , Ix i. -s 1

1i
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temperatures, and a transition temperature compatible with the experiment

can ble obtained with a plausible surface electron density.

The si-nificance of this work lies in the conclusion that the shielding

data cannot be explained if we assume the surface electrons follow Fermi

statistics. Therefore something quite Unique is going onl on the surface of

the copper drift tubes. Thle success of the ideal Bose model is tantalizing,

but it remains to be determined why Bose statistics should govern the distri-

bution of the surface electrons at low temperatures.

To further explore the nature of the shielding seen in copper in the

free- fall experiment we have performed a number of experimlents with anilbn

copper microwave cav'i ty. k-We have found a Sudden Small11 change in the frOLIUnCTIy

and Q at 3.7 K which, togeth(er with the observed magnetic field dependonce

and hystei, estsape iodict i\, i tv. ~cexe)r iient s are discuss c,,7

.. . . .. ..i s , .. . . . T .. .

miore fullyv in Append ix A9. The experiments have ruvealed a number offasi

effects, includ ing transitiios in the real and reactive components of the

mic rowave surface ie:lectrnce, and hvstorctic hehavi or in th. presence of i

manetic field. The xoerioats are discussed in further detail in Aiendix

A. 9.

The Dco terinot iton of The surests of the idl Bo He at Low tntalizing,

W e have conducted a series of exper imTts to hourminoe the usefulnes

of polarit:ed le as a low tempprature nuclear .vroscope. This work led in

197S to suparatc :\i - Korce fn111 i f to0 dCV ld e earI ie rOspe n th

background work, done udether s tponsorshiee of tahc Air orce Grant ehich is

th agne t fild he;~n xerie;'nt sr d.icussed in fute etil in thc Ph.dP.

of %i '.I nd I .. c
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The Development of Ultra-Sensitive Low Temperature Techniques to

Measure the Susceptibility of Water and Organic Molecules at Room Temperature

As part of a general program to exploit the properties of superconducting

magnets and shields and the extreme sensitivity of the SQUID magnetometer

for measuring magnetic fields, we developed under partial support from AFOSR

a susceptometer capable of measuring the susceptibility of a room temperature

sample to a sensitivity 10-6 of the diamagnetism of water. With this apparatus,

we measured with extreme accuracy the temperature dependence of the diamagnet-

ism of water and showed that certain anomalies observed in other experiments

were in reality not present.

We have developed a technique of measuring the magnetic changes in fast

reactions in solution. The changes in magnetic susceptibility during the

recombination reactions of hemoglobin with carbon monoxide after flash photo-

losis with measured time resolution of I ms. The susceptometer was more

than I order of magnitude more sensitive than other existing susceptometers.

The results of these experimnents are described in \ppendices Cl, C2 and C3.

The Analysis and Dcvelo :: ,'nt of M ! !ta -.c.- itive Accelerometer for

Use in the Detection of Gravitational , At ion

In cooperation with NSF, a very scn-iti, .'-,'nint superconducti::- accel-

erometer to be used as a componcnt of a c rvoni r:y itational radiat ion

detector was developed. The dc'ice consists of a su:erconducting test m-ss

and superconducting coils ca:rryln, ;i i~:'st e crrcnt. rhe displacement

of the test mas:; mod,.l tcs the indii,,t i:, s o'. ty .o' 'oils and generates in

a.c. magnet ic f i.d ,.'1. i< , ,-t d .. ... " .I;iC tien aa lne~ a a'er

The rcstorI, n , -- provi,". d' l ,, ic Kic ,: is us.,i to tune tl:e'

t: h t: -I S

,1
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crucial part of a gravitational radiation detector which at the present time

is capable of detecting changes in the energy of a 5 ton aluminum bar equiva-

-2
lent in energy to kT where T is 1.4 x 10 k. At the present time this

accelerometer has been developed into a very sensitive gradiometer under

separate new support from AFOSR. The work on the accelerometer is described

in Appendix Dl and D2.

Studies of Local and Non-Local Effects in Superconducting Thin Films

Under partial support from the AFOSR a SQUID magnetometer was used to

measure the dependence of magnetic field penetration into superconducting

thin films. This work showed distinctly that non-local effects exist, as

would be expected from the Pippard and BCS theories. This work is described

in the Ph.D. thesis of Edward G. Wilson, Appendix El.

The Use of Superconductin- SQUID Magnetoravters to Measure the

Electrical .ctivitv of the Ileart

In cooperation with NSF, a superconducting SQUTD magnetometer was

developed into an instrument to measure the magnetic activity of the heart.

A4 This work is described in Appendix Fl, the Ph..). thesis of John Wikswo.
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